arXiv:1506.07553vl [cond-mat.str-el] 24Jun2015 
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We explore the low-frequency noise of interacting electrons in a one-dimensional structure (quan¬ 
tum wire or interaction-coupled edge states) with counterpropagating modes, assuming a single 
channel in each direction. The system is driven out of equilibrium by a quantum point contact 
(QPC) with an applied voltage, which induces a double-step energy distribution of incoming elec¬ 
trons on one side of the device. A second QPC serves to explore the statistics of outgoing electrons. 
We show that measurement of a low-frequency noise in such a setup allows one to extract the 
Luttinger liquid constant K which is the key parameter characterizing an interacting ID system. 
We evaluate the dependence of the zero-frequency noise on K and on parameters of both QPCs 
(transparencies and voltages). 

PACS numbers: 73.23.-b, 73.50-Td, 71.10.Pm, 73.633.Nm 


I. INTRODUCTION 

The physics of interacting electrons in one dimension 
(ID) is profoundly different from that in higher dimen¬ 
sions. It is well known that the correspondence be¬ 
tween interacting electrons and free fermionic quasipar¬ 
ticles, which is in the core of Landau’s Fermi-liquid the¬ 
ory, breaks down in ID. The resulting strongly corre¬ 
lated state, known as the Luttinger liquid (LL), can not 
be treated by conventional Fermi-liquid methods. For¬ 
tunately, there exists an extremely powerful approach 
to the problem, the bosonization techniqueip— . It de¬ 
scribes the low-energy sector of the theory in terms of 
density fluctuations, which are, under the simplest cir¬ 
cumstances, non-interacting bosons. 

A key parameter invoked in the bosonization descrip¬ 
tion of a LL state is the interaction constant K. This di¬ 
mensionless parameter gives an effective measure of the 
strength of the interaction between the electrons, with 
K = 1 corresponding to a non-interacting Fermi gas, 
AT < 1 to repulsion, and AT > 1 to attraction. The 
LL constant K controls the behavior of various physi¬ 
cal properties of the system^, including, e.g., the scaling 
of the tunneling density of states away from the wire 
ends (TDOS}i, i/(e) oc the temperature- 

dependence of the conductance through a tunnel barrier 
in a Luttinger liquid^, G{T) oc t‘^G-k)/k^ tem¬ 

perature scaling of the conductivity of a disordered in¬ 
teracting wire^. There exists by now a rich variety of ex¬ 
perimental realizations of LLs with fermionic constituent 
particles, including semiconductor, metallic, and poly¬ 
mer nanowiresi^, carbon nanotubesii, edge states of 2D 
topological insulatorsi^, and cold-atom systems^. 

Further, edges of quantum Hall systemsii^— give rise 
to chiral LLs with only one propagation direction. When 
two such edges with opposite chirality are coupled by in¬ 
teraction, an artificial “wire” emerge a^^d^ . Properties of 


LL structures are probed in a growing number of sophis¬ 
ticated experiments, in particular under strongly non¬ 
equilibrium conditions. A quantitative interpretation of 
experimental findings requires the knowledge of the LL 
parameter K of the studied system by an additional in¬ 
dependent measurement of K. 

Let us consider a typical experimental setup where a 
ID conductor is connected to the outside world by leads. 
One possibility to access the value of AT is to measure the 
power-law behavior of the TDOS by exploring the tun¬ 
neling into the Luttinger liquid. This requires, however, 
an introduction of an additional probe to the interact¬ 
ing wire and is not simple experimentally. In addition, 
the tunneling characteristics may be affected by the in¬ 
teraction of the wire with the environment^. We can 
ask if it is possible to infer K considering the LL as a 
’’black box” (in the spirit of scattering theory of elec¬ 
tronic conductioii22) and performing electrical measure¬ 
ments in the leads alone. One could naively expect that 
the interaction inside the system modifies the conduc¬ 
tance of the wire, thus providing a direct experimental 
way to measure AT. It is not correct, however. It is well 
known^ir— that, due to absence of fermionic backscat- 
tering in a clean LL, its DC conductance is given by 
the interaction-independent value e^//i. Moreover, while 
under generic non-equilibrium conditions the distribu¬ 
tion function of the electrons that have passed the in¬ 
teracting part of the system depends on the interaction 
strength^^, the zero-frequency full counting statistics of 
the charge transferred through the systero^^ is insensi¬ 
tive to the interaction. On the other hand, the non¬ 
equilibrium noise^l and the full counting statistical^ at 
high frequencies (of the order of or larger than the in¬ 
verse flight-time through the system) do depend on the 
interaction strength but they are challenging to measure 
experimentally^^. 

In this work we show that the interaction in a LL wire 
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can, however, be probed by low-frequency charge noise 
measurements provided that the electrons emerging from 
the LL are mixed (via scattering at an additional quan¬ 
tum point contact, QPC) with electrons coming from an 
independent reservoir. A similar approach was proposed 
recently to probe the (pseudo-)spin-charge separation in 
systems of co-propagating channels^S. 

The structure of the paper is as follows. In Sec. m 
we introduce a device, consisting of 4 sources (SL, SR, 
SI, S2) and 2 drains D1 and D2 that are connected by 
two point contacts characterized by transmission and re¬ 
flection coefficients and (see Fig 1). The system is 
driven out of equilibrium by an “injection” of electrons 
with double-step energy distribution trough the source 
SR. Such a distribution may be naturally prepared by 
means of an additional QPCO (not shown in Fig. [IJ. 
The step height h is then given by its transmission coef¬ 
ficient. In Sec. Ell we calculate the shot noise in drain 
D2 as a function of the Luttinger liquid parameter K. 
Section El Al is devoted to description of the general for¬ 
malism while Sec. IIII Bl summarizes the results in the 
limits of weak {\K — I| <|; I) and strong (AT <C 1) inter¬ 
action for voltage U in SL much larger than the inverse 
of the flight time r/ in the interaction region. In Sec. 
Ern we present few numerical results for generic values 
of interaction parameter K. 

Specifically, Figs. E and [5] illustrate the central results 
of the paper. Figure [5] demonstrates the dependence of 
the noise at zero voltage V (at source S'2) on the pa¬ 
rameter h of the double-step distribution m of incoming 
right-moving electrons. The noise attains its maximal 
value when the initial distribution is particle-hole sym¬ 
metric {h = 0.5) and the QPC mixing the electrons from 
the LL wire with those from the source S2 has reflection 
probability = 0.5. The ratio of this maximal 

noise to the voltage U in SL is a universal function of 
the LL parameter. Fig. [5] shows that the maximal cur¬ 
rent noise at drain D2 at zero frequency and zero voltage 
in source S2 (w = 0 and F = 0), which we denote as 
max [Sd 2 {^ = 0, F = 0)], provides a direct access to the 

h.r'^ 

value of the LL parameter K. Although we do not have a 
simple analytic expression for the noise in this situation, 
the curve is universal and our numerical results can be 
used to determine K. 

Section lTVl presents the calculation of the noise in drain 
D1 and Sec. s discusses the situation for attractive in¬ 
teractions. We conclude the manuscript with a summary 
section, Sec. ED 



FIG. 1: Setup. Incoming i?-electrons have a non-equilibrium 
double-step energy distribution o characterized by the step 
width 17 = ei — eo and height h. This distribution may be 
prepared by means of a QPCO (not shown). The parameter 
h is given in this case by the transmission probability of the 
QPCO, while the parameter U is the QPCO voltage. Incoming 
Z/-electrons, as well as S'!- and S'2-electrons are at equilibrium 
but the distribution of the S'! and S'2 electrons can be tuned 
with a voltage F. 


tion characterized by the LL parameter K. The system 
is driven out of equilibrium by an “injection” of incom¬ 
ing R-electrons (source SR) with a double-step energy 
distribution, 

nfl(e) = (I - h)no{e - eo) -b hno{e - eQ , (1) 

Here, no(e) = 0(—e) is the zero-temperature Fermi-Dirac 
distribution with zero chemical potential and Cq = —hU, 
ei = (1 — h)U are the positions of the Fermi edges^. 
The double-step distribution o may be naturally pre¬ 
pared by means of a QPCO (not shown in Fig. [T]). The 
parameter h is given in this case by the transmission 
probability of the QPCO, while the parameter U is the 
QPCO voltage. (We set the electron charge e to unity 
throughout the paper, restoring it in the final expressions 
only.) The left-moving mode starts at zero temperature 
and zero voltage from the source SL. After traversing the 
interacting part of the wire, right-movers and left-movers 
are mixed with electrons from sources SI and S2 (kept at 
zero temperature and chemical potential F) via scatter¬ 
ing at QPCs with transmission (reflection) amplitudes t 
(r). We are interested in the charge noise at drains D1 
and D2 


II. SETUP 

A setup that we consider in the present paper (and 
that is particularly relevant in the context of quantum 
Hall physics, see, e.g.. Ref. [H) is shown in Fig. E It in¬ 
cludes two counterpropagating electronic (or, more gen¬ 
erally, fermionic) modes, right-movers R and left-movers 
L, interacting over a distance I via a short-range interac- 


5'di/D2(w, F) — / dt {^{6Ioi/D2{'t),SlDl/D2{Q)}) & 

J OO 

( 2 ) 

where Sloi its the fluctuating part of the current oper¬ 
ator at the drain i, and curly brackets denote the an¬ 
ticommutator. The second argument of Sdi /£)2 in Eq. 
m emphasizes the dependence of noise on the voltage F 
applied to the sources SI and S2. 













3 


III. NOISE AT DRAIN D2 


leads SR and SL, one finds 


A. General formalism 

We start with the discussion of the noise at the drain 
D2, which has a simpler structure. To evaluate Sd 2 , 
we express the electronic operator 'i>D 2 at the drain D2 
in terms of the fermionic fields at source S2 and at the 
output of the wire (see Fig. [T]), 


(SL) {1 - Sojuj) 2b'^[l-cos{2ujTi)]SR{uj) 

^2 |^_ 52 g 2 *a;r ,|2 | ^ _ ^2g2z<^n 12 

( 6 ) 

where Sfi{u}) is the noise of non-interacting electrons with 
the double-step distribution ©, 

Sniu;) = ^ [|tc| + 2h(l - h){U - |a;|)0(C/ - |a;|)]. 


'i’D2=t'i>L+r'Ss2- ( 3 ) 

Together with the expression for the current operator, 
Id 2 = ue'if^ 2 ^D 2 (where u is the velocity of the left 
fermionic mode and e > 0 is the absolute value of electron 
charge), this implies the decomposition of 52 ( 0 ;,^) into 
three contributions, 

Sd 2 = \r\^sg^^ + 

The first contribution to the sum represents just the 
charge noise of zero-temperature non-interacting elec- 
trons coming from the source S2, 8 )^ 2 'i^) — = 

e^|a;|/27r. 

The key point for the discussion of the second contribu¬ 
tion (which is also R-independent and represents 

the charge noise for fully open QPC) is the observation 
that it can be expressed solely in terms of the electronic 
density pL = {{pLit), pLiO)}). 

Therefore, the standard bozonization tools can be readily 
applied. Within the bosonization framework, the effect 
of the electron-electron interaction in the central part of 
the wire is to induce the scattering of density fluctua¬ 
tions at the boundaries of the interaction region. We will 
assume in the following that the characteristic bosonic 
momenta (set in our problem by the the voltage U in the 
distribution function npi{e)) are small compared to the 
inverse length of the transition region between the inter¬ 
acting and non-interacting parts of the wire. The bosonic 
reflection at the wire boundary is then characterized^i by 
the (momentum independent) amplitude 

b={l-K)/{l + K) (4) 

and the density pL can be expressed in terms of those at 
the sources SR and SL via 

00 

PL{t) = (1 - &') ^ &'>L(i - (2n + l)r,) 

71 — 0 

00 

+ bpR{t) - (1 - &^) ^ - (2n + 2)Ti). (5) 

71 — 0 

Here ti = Kl/u is the time needed to a density pertur¬ 
bation to cross the LL wire. 

Evaluating now the correlation function of pL with 
the account of the fermionic distribution functions in the 


Due to charge conservation and the absence of fermionic 
backscattering in the wire the zero frequency component 
of pL in Eq. coincides with that of the incoming 
density pL. As a consequence, is insensitive to 

the interaction strength for low frequencies uj ^/ti and 
vanishes at w = 0. 

Both contributions s\^p{u}) and s\^^\u}) that we have 
evaluated up to now are thus interaction-independent in 
the low-frequency regime and vanish at zero frequency. 
We turn now to the analysis of the remaining cross¬ 
correlation term, S^^l{u}). We will show that it is non¬ 
trivial and interaction-sensitive in the limit of a; = 0. In 
time domain, this contribution can be presented in the 
form 


^ 2eVRe 


GU-r)G}ir) + G>s2{-r)Gf{T) 


( 7 ) 

Here G^ 2 i^) — —e~^^^/2TTu{t^iO) stand for the time- 
domain Keldysh Green functions of 4 / 52 , while are 
Green functions of left-moving electrons leaving the in¬ 
teracting wire. It is not difficult to check that the zero- 
frequency noise is directly related to the distribution 
function of electrons, ^^(e), via 


dvSGl(uj = 0 ,V) 


TT 


( 8 ) 


The non-equilibrium bosonization technique for eval¬ 
uation of correlation functions in a far-from-equilibrium 
LL in the framework of Keldysh formalism was devel¬ 
oped in Refs. It was shown, that arbitrary 

(including many-particle) electronic correlation function 
can be expressed as a product of Eredholm determinants, 
G ~ AR[SR{t)]AL[SL{t)], having the form 


Arj[Srj{t)] = det 1 -I- — 1^ n^(e) 


(9) 


Here, n^(L) (e) denotes the distribution function of elec¬ 
trons injected into the LL from the right (left) lead, 
while the phases 6 ri{t) encode the information on the 
correlation function of interest and on the interaction 
strength in the wire. The time t and energy e in 
Eq.® are understood as canonically conjugate vari¬ 
ables, e = ih{d/dt). Eredholm determinants of a 
type similar to Eq. m arise also in the theory of 
full counting statistics^, non-equilibrium Fermi-edge 
singularity^, chiral ID systems (including quantum Hall 
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5{t)jln 



FIG. 2: Phase 5{t) determining the charge noise at the drain 
D2, see Eqs. (fTTIl . (IT31l . The phases 5 D2,n are given by Eq. 
(HSJ. We have assumed K = 0.2 to generate the plot. 


Mach-Zehnder interferometry)^, and spectral functions 
of nonlinear Luttinger liquids^. 

Evaluating the single-particle correlation functions of 
the electrons leaving the LL [which are involved in Eq.®] 
by means of this technique and taking into account the 
zero-temperature electronic distribution in the source S2 
(see Fig. [T]), we get 



1 

2ttu{t to) 


A(t) 


( 10 ) 


Here A(t) stands for the Fredholm determinant (l9|) nor¬ 
malized to its zero-temperature value 


det [1 -h - 1) nfl(e)] 

det [l -I- — l) no(e)] ’ 


( 11 ) 


with the phase S{t) being a sequence of rectangular¬ 
shaped pulses of duration r centered at = 2nT;, 
n = 0, 1, ... (see Fig. [2]): 


S{t) = '^6D2,nQ(t-tn-T/2)Q{-t + tn+T/2l^2) 


n—0 


SD2,n = 27r 


for n = 0 


-( 1 -62)62"-! for n > 0 . 
Substitution of Eq. (nni) into Eq. © yields 


(13) 


sP^{u;,V) = 2So{oj) 


dr 


Re (A(7 


ciV T 


-1) 


cos(a;r). (14) 


In the low-frequency limit, we thus obtain for the noise 
of electrons at the drain D2: 


Sd2{uj = Q,V) 


e2|t|2|r|2 f Re (A(r)e*'=^" - 1) 

- 


(15) 

We proceed now to the analysis of the result P|. 
The r-dependence of the normalized determinant A(t) 


is characterized by two distinct time scales. First, there 
is the scale t; = Kl/u set by the length of the interacting 
wire which determines the time interval between succes¬ 
sive pulses in Eq. m- Under the assumption t ti 
we can approximate the determinant A(r) by a product 
of Toeplitz determinants corresponding to the individual 
rectangular-shaped pulses in Eq. (HH), 

oo 

A(r) = n ^(u<5n). (16) 

n—0 

The second scale controls the long-time behavior of 
Eq. (IT6ll . According to the asymptotic theory of Toeplitz 
determinants reviewed in Refs. [sna the long-time 
asymptotics of A(r) is controlled by the exponential de¬ 
cay, A(t) oc with a non-equilibrium dephasing 

rate given by 

1 Tr , 

— = -y Rein [l + (e-*'^"-1)6] . (17) 

T0 TT ^ 

^ n=0 

For the generic parameters, the dephasing rate (1171) is of 
the order of U, thus setting a characteristic time scale 
1/C/. Therefore, the integral (TTKI) converges at times 
T set— by l/max{U, V}. We thus conclude that the 
approximation Eq. dSD for the determinant entering 
Eq. (ITKI) can be safely applied provided that at least one 
of voltages U and V is large compared to the inverse 
flight time l/rj. 


B. Asymptotic behavior 

Equations (USD and (HH) render the current noise 
S 2 d{‘-^ = 0, U) amiable to straightforward numerical 
evaluation (see, e.g.. Ref. H^for a detailed account of nu¬ 
merical procedure). Two limiting cases can also be stud¬ 
ied analytically. First, in the weak-interaction regime, 
\K-l\ <g; 1, all the phases 5 D2,n are small, enabling per¬ 
turbative evaluation of the determinant A(r). The result 
reads 

InA(r) = —ai f dio— - „ (C/ — co), (18) 

Jo a; 

ai = 2(A:- 1)26(1 - 6). (19) 

with the asymptotic behavior 

lnA(r) = -^^^ + ylnC/T, t/r > 1. (20) 

Examining the integral m, we see that at U ^ aiU 
we can further expand A(t) = exp (in A(r)) in powers 
of ai. On the other hand, for V ^ aiU the integral (HSl) 
is dominated by long times where the asymptotics (EOD 
applies. We thus obtain the following result for the noise 
in the case of a weak interaction; 

ItP IrPC/ 

Sd2{u; = 0,V) = f{ai,V/U), (21) 

|iC-l|<l TT 























5D2(t^=0, VVe^fVU 
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with the small parameter ai given by Eq. (ED and with 
a dimensionless function / given by 


f{a,x) = 


Ixl- 1 - 


i+kl 


In I 


X > 1 

a <§; |x| < 1 


-X arctan — 

TT TTO. 


- f In ( x2 + 


+ ’-¥) . 


< 


a. 


( 22 ) 


The second limit that can be treated fully analytically 
is that of a strong repulsive interaction, K 1. In 
this situation, the bosonic reflection coefficient is close 
to 1. As a consequence, all but the first phase differences 
^D 2 ,n>o are small, while Sd 2 ,o is close to 27r. The deter¬ 
minant A{t,S) at the phase <5 = 27r corresponds to free 
fermions and can be computed exactly via the refermion- 
ization procedure, 

A(t, 27r) = (1 - . (23) 



v/u 


Treating all but the first factors in Eq. ED pertur- 
batively [cf. Eqs. (fTBl) and (ITOl) ] and also taking into 
account the perturbative correction to the zeroth-order 
approximation (1231) for the determinant A{t,5d2,o)i 
arrive at 


A(r) 


A(T,27r)-y(e g{UT) + e 


FIG. 3: Zero-frequency noise at the drain D2, Sd 2 {ix = 0, V), 
given by Eq. disj, as a function of the voltage ratio V/U for 
different values of the interaction strength. The parameter 
h is chosen to be 0.4. The curves are labeled according to 
the LL parameter K characterizing the interaction strength. 
Dashed curves represent appropriate asymptotic expressions 
[Eqs. (1211) . (1221) for a relatively weak interaction, K = 0.7, 
and Eqs. (1281) . (1221) for a strong interaction, K = 0.05]. 


with 


X exp 


-ao 


sin^ u } t /2 

au - 5 - [U — CO) 


(24) 


ao = 8 Kh{l-h), (25) 

g{x) = 7 — Ci(x)-|-Inx-|-f Si(x). (26) 


Here 7 is the Euler constant, while Ci(x) and Si(x) stand 
for the integral cosine and sine functions. 

To zeroth order in the small parameter ao, Eq. (EH), 
we get 


«D2(e) 



SD 2 ico = 0,V) = " ' ' [(I-h)|I/-eo| + fe|E-ei|]. 

K=0 TT 

(27) 

An analysis analogous to the one that leaded to Eqs. 
m and ( 1221 ) allows us to establish also the first correc¬ 
tion to Eq. (I?7l) . yielding 


FIG. 4: Distribution of electrons over energies at the drain 
D2, nu 2 (e), for different values of the interaction strength. 
The parameter h is chosen to be 0.4. The curves are labeled 
according to the LL parameter K characterizing the interac¬ 
tion strength. 


5d2(w = 0,E) = 




2|^|2 


C. Numerical evaluation 


+ao 


X { ao, 

E-eo' 


P 


U 


-P 


V-eo \ 

U ) 


+ hf 



E-ei\ 

U ) 


(ti-V 

V u 


0(E>eo)0(E<ei) 


We turn now to the case of a generic interaction 
strength, when the determinant in Eqs. ED and ED 
I is computed numerically. Figures [3] and H] present the re- 
I ■ suiting evolution of the noise 5 'd 2 (w = 0 , E) [as given by 
(28)Eq- (ED] of distribution function n£) 2 (e) upon 
variation of the LL parameter K characterizing the in¬ 
teraction strength. We have set h = 0.4 to generate 


with p(x) = xlnx and ao given by Eq. (1351) . 
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SD2(0,0)/e^rV^U 



FIG. 5: Noise at the drain D2 at zero frequency and zero 
voltage V, Sd 2 {oj = 0,V = 0), as a function of the step height 
h for different values of the interaction strength. The curves 
are labeled according to the LL parameter K characterizing 
the interaction strength. 

max[SD2(0, 0)]/e^ U 



FIG. 6: The maximal noise in drain D2 at zero frequency and 
zero voltage V, max Sd 2 (w = 0, V = 0), as a function of the 

h,r^ 

Luttinger liquid parameter K. The noise attains maximum 
when the initial distribution is particle-hole symmetric {h = 
0.5) and the QPC mixing the electrons from the LL wire with 
those from the source S2 has reflection probability = 

0.5, see Sec. IIII Cl The maximal noise equals I/Stt at IF = 0 
and approaches the same value asymptotically as IF —>■ oo (see 
Sec.lv] for the discussion of the case of attractive interaction 
K > 1). 


the plots. The dashed curves provide the comparison to 
the appropriate asymptotic expressions [ d^ for IF = 0.7 
and (E51) for K = 0.05]. Upon increase of the interaction 
strength, the distribution function of outgoing electrons 
n d 2 evolves from the zero-temperature distribution of the 
incoming left-moving electrons towards the double-step 
distribution of the electrons at source SR. It is interesting 
to note that the characteristic width of the distribution 
function is non-monotonous as a function of the inter¬ 
action strength, which is related to the non-monotonous 
dependence of the dephasing rate m on the Luttinger 
parameter K. 

Figure [5] demonstrates the dependence of the noise at 
zero voltage V on the parameter h of the double-step 
distribution © of incoming right-moving electrons. The 
step height h can be experimentally varied by changing 





FIG. 7: Phase 5{t) determining the charge noise at the drain 
Dl, see Eqs. (fTTI) . (l30l) . The phases fci.n are given by Eq. 
(EH). We have assumed K — 0.2 to generate the plot. 


5d’i(w=0, Y)lehV\] 



FIG. 8: Zero-frequency noise at the drain Dl, = 0, V), 

as a function of the voltage V for different values of the in¬ 
teraction strength. The parameter h is chosen to be 0.4. The 
curves are labeled according to the LL parameter K charac¬ 
terizing the interaction strength. 


the transmission of the QPCO creating the initial distri¬ 
bution. The noise attains the maximal value when the 
initial distribution is particle-hole symmetric {h = 0.5) 
and the QPC mixing the electrons from the LL wire 
with those from the source S2 has reflection probabil¬ 
ity = 0.5. The ration of this maximal noise 

to the voltage 17 is a universal function of the LL pa¬ 
rameter. Figures 131 [5] and [5] show that the current noise 
Sd 2 {^ = 0) provides a direct access to the value of the 
LL parameter K. 
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nDi(e) 



FIG. 9: Distribution of the electrons over energies at the drain 
Dl, n_Di(e), for different values of the interaction strength. 
The parameter h is chosen to be 0.4. The curves are labeled 
according to the LL parameter K characterizing the interac¬ 
tion strength. 


IV. NOISE AT DRAIN Dl 

Let us now consider briefly the noise at the drain Dl. 
In complete analogy to Sd 2 , it can be written as 

Smito,V) = + \r\^\t\^S^^l (29) 


V. ATTRACTIVE INTERACTION 

So far [and in particular in the discussion of the strong 
interaction limit of the model, Eq. (E51) ] we were mostly 
concentrating on the situation of repulsive interaction 
in the system, K < 1. The extension of our results 
to the case of attractive interaction, K > 1 (particu¬ 
larly relevant in the context of superconducting wires^, 
cold atomsH and fractional quantum Hall systemsii), is 
straightforward due to the symmetry of the bosonic re¬ 
flection amplitude b, Eq. ®, 

b{l/K) = -b{K). (33) 

Equation (1551) implies that the charge noise Sdi{uj, V) at 
drain Dl is invariant with respect to the transformation 
K —^ 1/K, while the noise and the distribution function 
at D2 obey 

SD2iuj,V,l/K) = Sd2{c^,-V,K), (34) 

hL{e,l/K) = 1 - nL{-€,K). (35) 

In particular, in the limit of infinitely strong attractive 
interaction, K = oo, 

hL(e) = 1 - n_R(-e) (36) 

due to Andreev reflection of electrons on the boundary 

of interaction region. 


In contrast to the case of the noise at D2 the term 
does not vanish at zero frequency, = 

0) = e^/i(l — h)U/'K. However, in full similarity with the 
D2 noise, only the last contribution in Eq. dMl) is sensi¬ 
tive to the voltage V at the QPC. Concentrating on the 
E-dependence of the noise, we thus observe that Eq. m 
applies. 


5«(c. = 0,E) 



dr 


Re (A(T)e*®'^^ - l) 


(30) 


where the phase S{t) is now given by (see Fig. [3) 


m 


5Dl,n 


Sm.nQit -t„- T/2)0(-t -I- -I- r/2)(31) 

n—0 


27r(l - 62)&2". 


(32) 


Figures |8] and |9] show results of a numerical evaluation 
of the noise and the distribution of the electrons at 
drain Dl. The perturbative analysis of the Dl noise in 
the weak- and strong-interaction limits can be obtained 
by a straightforward generalization of the corresponding 
results for the noise D2 presented above. We reiterate 
that although the Dl noise contains an additional con- 
tribution , this contribution is independent on the 

voltage V. Therefore, the V dependence of the Dl noise 
can also be used (along with the D2 noise) for extracting 
the LL interaction parameter K. 


VI. SUMMARY 

To summarize, we have studied the low-frequency noise 
of interacting electrons in a ID structure with coun- 
terpropagating modes (quantum wire), assuming a sin¬ 
gle channel in each direction. Experimental realizations 
of such structures include also artificial quantum wires 
formed by counter propagating quantum Hall channels 
coupled by the interaction. The system is driven out of 
equilibrium by a QPCO with an applied voltage, which in¬ 
duces a double-step energy distribution of incoming elec¬ 
trons on one side of the device. A second QPC serves to 
explore the statistics of outgoing electrons. We evaluate 
the dependence of the zero-frequency noise on K and on 
parameters of both QPCs (transparencies and voltages). 

Our general result, Eq. (HU, expresses the noise in 
the drain D2 in terms of a Fredholm determinant A(t). 
In the limits of weak and strong interaction analytical 
asymptotic (EU and (1551) have been obtained. For a 
generic interaction strength, the noise can be readily eval¬ 
uated numerically, as shown in Figs. [51 [SJ [51 Similar 
results hold for the noise in the drain Dl. Our findings 
demonstrate that measurement of a low-frequency noise 
in such a setup allows one to extract the information 
about the Luttinger liquid constant K which is the key 
parameter characterizing an interacting ID system. 

Upon completion of this work we have learned about a 
related activity on the noise in systems of co-propagating 
channels^. 














Acknowledgments 

We acknowledge financial support by DFG Prior¬ 
ity Program 1666, by German-Israeli Foundation, and 
by the EU Network Grant InterNoM. The research of 
A.D.M. was supported by the Russian Science Founda¬ 


tion (project 14-22-00281). Y.O. acknowledges the sup¬ 
port of the Israeli Science Foundation (ISF), the Minerva 
foundation, and the European Research Council under 
the European Community’s Seventh Framework Program 
(FP7/2007- 2013)/ERC Grant agreement No. 340210. 


^ S.-I. Tomonaga, Prog. Theor. Phys. 5, 544 (1950). 

^ J.M. Luttinger, J. Math. Phys. 4, 1154 (1963). 

® T. Giamarchi, Quantum Physics in One Dimension, 
(Claverdon Press Oxford, 2004). 

^ A.O. Gogolin, A.A. Nersesyan, and A.M. Tsvelik, Boson- 
ization in Strongly Correlated Systems, (University Press, 
Cambridge 1998). 

® J. von Delft and H. Schoeller, Annalen Phys. 7, 225 (1998). 
® F.D.M. Haldane, Phys. Rev. Lett. 47, 1840 (1981). 

A. Luther and 1. Peschel, Phys. Rev. B 9, 2911 (1974). 

® C.L. Kane and M.P.A. Fisher, Phys. Rev. Lett. 68, 1220 
(1992). 

® T. Giamarchi and H. J. Schulz, Phys. Rev. B 37, 325 
(1988); I.V. Gornyi, A.D. Mirlin, and D.G. Polyakov, ibid. 
75, 085421 (2007). 

S. Tarucha, T. Honda, and T. Saku, Solid State Com- 
mun. 94, 413 (1995); M. Auslaender, A. Yacoby, R. de 
Picciotto, K.W. Baldwin, L.N. Pfeiffer, and K.W. West, 
Science 295, 825 (2002); E. Levy,A. Tsukernik, M. Kar- 
povski, A. Palevski, B. Dwir, E. Pelucchi, A. Rudra, E. 
Kapon, and Y. Oreg, Phys. Rev. Lett. 97, 196802 (2006); 

E. Slot, M.A. Holst, H.S.J. van der Zant, and S.V. Zaitsev- 
Zotov, Phys. Rev. Lett. 93, 176602 (2004); L. Venkatara- 
man, Y.S. Hong, and P. Kim, ibid. 96, 076601 (2006); A. 
N. Aleshin, H. J. Lee, Y. W. Park, and K. Akagi, Phys. 
Rev. Lett. 93, 196601 (2004); A. N. Aleshin, Adv. Mater. 
18, 17 (2006). 

M. Bockrath, D. H. Cobden, J. Lu, A. G. Rinzler, R. E. 
Smalley, L. Balents, and P. L. McEuen, Nature (London) 
397, 598 (1999); Z. Yao, H. W. Ch. Postma, L. Balents, 
and C. Dekker, ibid. 402, 273 (1999); C. Schonenberger, 
Semicond. Sci. Technol 21, SI (2006); N. Y. Kim et ah, 
Phys. Rev. Lett. 99, 036802 (2007); Y.-Fu Chen, T. Dirks, 
G. Al-Zoubi, N. O. Birge, and N. Mason, Phys. Rev. Lett. 
102, 036804 (2009). 

M. Konig et al, Science 318, 766 (2007); A. Roth et al, 
Science 325, 294 (2009); 1. Knez, R. R. Du and G. Sullivan, 
Phys. Rev. B 81, 201301(R) (2010); 1. Knez, R. R. Du and 
G. Sullivan, Phys. Rev. Lett. 107, 136603 (2011); 1. Knez 
et al., Phys. Rev. Lett. 112, 026602 (2014). 

1. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 
80, 885 (2008); Y. Liao et al. Nature 467, 567 (2010); G. 
Pagano et al., Nature Physics 10, 198 (2014). 

A.M. Chang, Rev. Mod. Phys. 75, 1449 (2003). 

R. de Picciotto, M. Reznikov, M. Heiblum, V. Umansky, G. 
Bunin, and D. Mahalu, Nature (London) 389, 162 (1997); 
M. Dolev, M. Heiblum, V. Umansky, A. Stern, and D. 
Mahalu, ibid. 452, 829 (2008); Y. Ji, Y.C. Chung, D. 
Sprinzak, M. Heiblum, D. Mahalu, and H. Shtrikman, Na¬ 
ture (London) 422, 415 (2003); 1. Neder, M. Heiblum, Y. 
Levinson, D. Mahalu, and V. Umansky, Phys. Rev. Lett. 
96, 016804 (2006); 1. Neder, F. Marquardt, M. Heiblum, 
D. Mahalu, and V. Umansky, Nat. Phys. 3, 534 (2007); 


E. Bieri, M. Weiss, O. Goktas, M. Hauser, C. Schonen¬ 
berger, and S. Oberholzer, Phys. Rev. B 79, 245324 (2009); 
P. Roulleau, F. Portier, D.G. Glattli, P. Roche, A. Ca- 
vanna, G. Faini, U. Gennser, and D. Mailly, Phys. Rev. B 
76, 161309(R) (2007); P. Roulleau, F. Portier, D.G. Glat¬ 
tli, P. Roche, A. Cavanna, G. Faini, U. Gennser, and D. 
Mailly, Phys. Rev. Lett. 100, 126802 (2008); P. Roulleau, 

F. Portier, P. Roche, A. Cavanna, G. Faini, U. Gennser, 
and D. Mailly, Phys. Rev. Lett. 101, 186803 (2008); ibid 
102, 236802 (2009); P.-A. Huynh, F. Portier, H. le Sueur, 

G. Faini, U. Gennser, D. Mailly, F. Pierre, W. Wegschei- 
der, and P. Roche, Phys. Rev. Lett. 108, 256802 (2012); 

L. V. Litvin, H.-P. Tranitz, W. Wegscheider, and C. Strunk, 
Phys. Rev. B 75, 033315 (2007); L.V. Litvin, A. Helzel, H.- 
P. Tranitz, W. Wegscheider, and C. Strunk, Phys. Rev. B 
78, 075303 (2008); ibid 81, 205425 (2010). 

C. Altimiras, H. le Sueur, U. Gennser, A. Cavanna, D. 
Mailly, and F. Pierre, Phys. Rev. Lett. 105, 226804 (2010); 

H. le Sueur, C. Altimiras, U. Gennser, A. Cavanna, D. 
Mailly, and F. and Pierre, Phys. Rev. Lett. 105, 056803 
(2010); C. Altimiras, H. le Sueur, U. Gennser, A. Cavanna, 

D. Mailly and F. Pierre, Nature Physics 6, 34 (2010); N. 
Paradise, S. Heun, S. Roddaro, L. Sorba, F. Beltram, and 

G. Biasiol, Phys. Rev. B 84, 235318 (2011); E.V. Deviatov, 
A. Lorke, G. Biasiol, and L. Sorba, Phys. Rev. Lett. 106, 
256802 (2011). 

W. Kang, H.L. Stormer, L.N. Pfeiffer, K.W. Baldwin, and 
K.W. West, ibid. 403, 59 (2000); M. Grayson, L. Steinke, 
D. Schuh, M. Bichler, L. Hoeppel, J. Smet, K. v. Klitz- 
ing, D. K. Maude, and G. Abstreiter, Phys. Rev. B 76, 
201304(R) (2007). 

M. G. Prokudina, S. Ludwig, V. Pellegrini, L. Sorba, G. 
Biasiol, and V.S. Khrapai, Phys. Rev. Lett. 112, 216402 
(2014). 

H. T. Mebrahtu, I.V. Borzenets, D.E. Liu, H. Zheng, Y.V. 
Bomze, A.I. Smirnov, H.U. Baranger, and G. Finkelstein, 
Nature 488 61 (2012). 

M. Buttiker, Phys. Rev. B 46, 12485 (1992). 

I. Safi and H. J. Schulz, Phys. Rev. B 52, R17040 (1995). 
D.L. Maslov and M. Stone, Phys. Rev. B 52, R5539 (1995). 
V.V. Ponomarenko, Phys. Rev. B 52, 8666(R) (1995). 

Y. Oreg and A. M. Finkelstein, Phys. Rev. B 54, 
R14265(R) (1996). 

D. B. Gutman, Y. Gefen, and A.D. Mirlin, EPL 90, 37003 
(2010); Phys. Rev. B 81, 085436 (2010). 

^® D.B. Gutman, Y. Gefen, and A.D. Mirlin, Phys. Rev. Lett. 
105, 256802 (2010). 

V.V. Ponomarenko, Phys. Rev. B 54, 10328 (1996); B. 
Trauzettel, 1. Safi, F. Dolcini, and H. Grabert, Phys. Rev. 
Lett. 92, 226405 (2004); A.V. Lebedev, A. Crepieux, and 
T. Martin, Phys. Rev. B 71, 075416 (2005); 1. Safi, C. 
Bena, and A. Crepieux, Phys. Rev. B 78, 205422 (2008); 

E. Berg, Y. Oreg, E.-A. Kim, and F. von Oppen, Phys. 



9 


Rev. Lett. 102, 236402 (2009). 

H. Kamata, N. Kumada, M. Hashisaka, K. Muraki, and T. 
Fujisawa, Nature Nanotechnologie, 9, 177 (2014). 

I. Neder, Phys. Rev. Lett. 108, 186404 (2012); I.P. Lev- 
kivskyi and E.V. Sukhorukov, Phys. Rev. Lett. 109, 
246806 (2012); M. Milletar and B. Rosenow, Phys. Rev. 
Lett. Ill, 136807 (2013). 

For the sake of clarity we assume throughout the paper 
that the effective chemical potential defining the electronic 
density in the source SR equals zero, (1 — h)eo + he\ = 0. 
Upto trivial energy shifts our results are, however, inde¬ 
pendent of this assumption. 

I.V. Protopopov, D.B. Gutman, and A.D. Mirlin, J. Stat. 
Mech. PllOOl (2011). 

I.V. Protopopov, D.B. Gutman, and A.D. Mirlin, Phys. 
Rev. Lett. 110, 216404 (2013). 

L.S. Levitov, H.W. Lee, and G.B. Lesovik, J. Math. Phys. 
37 (1996) 4845; D.A. Ivanov, H.W. Lee, and L.S. Levitov, 
Phys. Rev. B 56, 6839 (1997); A.G. Abanov, D.A. Ivanov, 
and Q. Yachao, J. Phys. Math. Theor. 44, 485001 (2011); 
D.A. Ivanov, A.G. Abanov, and V.V. Gheianov, J. Phys. 
Math. Theor. 46, 085003 (2013). 

D.A. Abanin, L.S. Levitov, Phys. Rev. Lett. 94, 186803 
(2005); E. Bettelheim, A.G. Abanov, and P. Wiegmann, 
Phys. Rev. Lett. 97, 246402 (2006); 1. Snyman and Y.V. 


Nazarov, Phys. Rev. Lett. 99, 096802 (2007); Phys. Rev. 
B 77, 165118 (2008). 

1. P. Levkivskyi and E. V. Sukhorukov, Phys. Rev. Lett. 
103, 036801 (2009); D. L. Kovrizhin and J. T. Chalker, 
Phys. Rev. B 80, 161306 (R) (2009); Phys. Rev. B 81, 
155318 (2010); Phys. Rev. Lett. 109, 106403 (2012); S. 
Ngo Dinh, D.A. Bagrets, and A.D. Mirlin, Phys. Rev. B 
87, 195433 (2013). 

A. Imambekov and L.I. Glazman, Science 323, 228 (2009); 
A. Imambekov, T.L. Schmidt, and L.I. Glazman, Rev. 
Mod. Phys. 84, 1253 (2012). 

D.B. Gutman, Y. Gefen, and A.D. Mirlin, J. Phys. A: 
Math. Theor. 44, 165003 (2011). 

There are exceptional situations when the normalized de¬ 
terminants A(t) exhibits oscillations at frequencies eo and 
ei damped only weakly {Ut^ 1 ). This is the case for 
example in the strong-interaction limit K 1, discussed 
in the main text. In such a situation the incoherent ap¬ 
proximation (Hi) applies not to close to the Fermi edges 
£ 0 , 1 , \V — eo,i| 3> I/tj. 

I.V. Protopopov, D.B. Gutman, and A.D. Mirlin, Lith. J. 
Phys. 52, 165 (2012). 

D.L. Kovrizhin, private communication. 


